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DOI: 10.1039/c1ay05154gPotassium chlorate is proposed here as a chemical source of O2 in focused-microwave-induced
combustion. The thermal decomposition of this compound generates enough O2 to maintain the
combustion and participate in gas phase reactions responsible for HNO3 regeneration. An animal feed
concentrate is the reference material and test sample used. Important parameters such as HNO3
concentration in the absorbing solution, volumes of igniting and oxidizing agents added to the sample,
and microwave total incidence time were evaluated using a multivariate approach. The method
efficiency was evaluated by determining both the residual carbon content (RCC) in the digestates and
the recoveries of Ca, Mg, Mn, P and Zn using inductively coupled plasma optical emission
spectrometry. Recoveries in the 82.3–102% range were obtained for all elements studied using 5 mL of
an absorbing solution with 5.0 mol L1 of HNO3, and adding 110 mL of NH4NO3 6.0 mol L
1 plus
140 mL of KClO3 0.5 mol L
1 to the solid sample, in a 7 min digestion program. A RCC value of 20%
and a final acid concentration of 0.19 mol L1 were obtained in the combustion of 100 mg of sample
under optimized conditions. These preliminary results show the capabilities of a simple, inexpensive
method with potential for different applications in procedures taking no longer than a few minutes. It is
compatible with commercially available focused-microwave systems and requires no instrumental
modification for its implementation.1. Introduction
The development of increasingly more efficient analytical tech-
niques in the last few decades has resulted in a higher demand for
simple, effective sample preparation methods. Since most
instrumental methods require the conversion of samples into
a liquid solution so that the aliquot analyzed is representative of
the bulk material, several methods have been proposed to
perform the complete dissolution of different matrices in
aqueous medium. One of the first strategies used to decompose
high carbon-content samples was based on combustion under
a continuous flow of oxygen.1 In this method, the gases exiting
the combustion flask were conducted to an absorbing solution so
as to reduce analyte losses by volatilization. More recently, the
incorporation of the absorbing solution inside the combustion
chamber and the introduction of a reflux step have contributed to
improve the method accuracy.2 An alternative for fast, more
efficient decomposition is to perform the sample combustionaGroup of Applied Instrumental Analysis, Department of Chemistry,
Federal University of Sa˜o Carlos, P.O. Box 676, 13560-970 Sa˜o Carlos,
SP, Brazil. E-mail: georgedonati@yahoo.com.br; Fax: +55 16 3351-
8350; Tel: +55 16 3351-8058
bEmbrapa Pecuaria Sudeste, Brazilian AgricultureMinistry, P.O. Box 339,
13560-970 Sa˜o Carlos, SP, Brazil
† Electronic supplementary information (ESI) available. See DOI:
10.1039/c1ay05154g
1688 | Anal. Methods, 2011, 3, 1688–1691under high pressures and temperatures using a stainless steel
oxygen bomb. In this case, O2 pressures up to 25 bar can provide
total digestion of organic samples and absorption of the analytes
in aqueous solutions in 5 min.3
Considering aspects related to safety, sample throughput,
contamination and analyte losses, the most used methods for
decomposition of organic matrix samples are based on micro-
wave-assisted acid digestions. Closed-vessel cavity oven systems
have been successfully used in several applications and are
considered a well established, efficient sample preparation
method.4,5 An important drawback of pressurized systems is the
requirement for reduced sample masses. A typical closed-vessel
microwave-assisted digestion method requires no more than
500 mg aliquots for the efficient and safe decomposition of
organic samples. An alternative for larger sample masses is to use
atmospheric-pressure focused-microwave systems. However,
limitations related to the high acidity of the digestates and the
potential for contamination and analyte losses prevent a broader
application of this strategy.4–6
Recently, a method combining the advantages of pressurized
combustion and microwave-assisted digestion was proposed by
Flores et al.7 In microwave-induced combustion (MIC), the
sample is wrapped in low-ash filter paper and placed in a quartz
holder which is inserted into an O2 pressurized flask where the
combustion is initiated by applying microwave radiation inside
a cavity oven. An igniting solution of NH4NO3 is added to theThis journal is ª The Royal Society of Chemistry 2011
sample and the analytes are collected in an absorbing solution of
diluted HNO3. Microwave radiation effect on NH4NO3 gener-
ates sparks which are responsible for initiating the sample
combustion in an O2-rich atmosphere. A microwave-assisted
reflux step is usually required to improve accuracy. This method
has been applied to different samples and the results have
demonstrated its superior performance to decompose difficult
matrices.8–11 Looking into decomposing larger sample masses,
Mesko et al.12 have proposed using the microwave-induced
combustion in an atmospheric-pressure, focused-microwave
system. By applying the focused-microwave-induced combustion
(FMIC) with a short reflux step, up to 1500 mg of botanical
samples were efficiently decomposed with recoveries in the 95–
103% range and residual carbon contents lower than 0.5% for
digestions with diluted nitric acid.
In this work, preliminary results on the possibility of using the
thermal decomposition of KClO3 as O2 source in FMIC are
presented. An animal feed concentrate composed of different
grains, e.g. corn, soy beans, etc., was used as test sample.
Parameters such as HNO3 concentration in the absorbing solu-
tion, volume of NH4NO3 6 mol L
1 and KClO3 0.5 mol L
1
(added to the sample for ignition and oxygen generation,
respectively) and the total time of microwave incidence were
optimized using a multivariate approach. The method efficiency
was checked by evaluating the digestates residual carbon content
(RCC) and the recoveries of Ca, Mg, Mn, P and Zn determined
by inductively coupled plasma optical emission spectrometry
(ICP OES).2. Experimental
2.1. Instrumentation
A six-vessel focused-microwave system (Star 6, CEM Corp.,
Matthews, NC, USA) was used in all experiments. The total
organic carbon in the original sample was determined by a solid
sample module total carbon analyzer (SSM 5000 A, Shimadzu,
Japan). An ICP OES with axial view configuration (VISTA AX
ICP OES, Varian, Mulgrave, Australia) was used for elemental
analysis and residual carbon content determinations. The ICP
OES operating parameters are presented in Table 1.Table 1 ICP OES operating conditions for Ca, Mg, Mn, P and Zn
determinations
Instrumental parameter Operating conditions
Plasma gas flow rate/L min1 15.0
Auxiliary gas flow rate/L min1 1.5
Nebulizer gas flow rate/L min1 0.90
Peristaltic pump rate/rpm 15
Radio-frequency power/kW 1.3
Nebulizer Crossflow
Spray chamber Sturman-Masters
Observation view Axial
Atomic (I) and ionic (II) emission lines/nm
C I 193.027
Ca II 317.933
Mg II 280.270
Mn II 257.610
P I 177.434
Zn I 202.548
This journal is ª The Royal Society of Chemistry 2011No instrumental modification was required and the original
microwave borosilicate glass flasks were used in all experiments.
The sample aliquots (100 mg) were wrapped in cigarette paper
(approximately 0.1 g pieces, Colomy, Souza Cruz Co.,
Cachoeirinha, RS, Brazil) and kept in a borosilicate glass vial
during the combustion. A sample holder made from the same
material was used to support the reaction vial inside the micro-
wave flask. The sample aliquots were positioned in a point of
incidence of microwave radiation as previously demonstrated by
Nobrega et al.13 Fig. 1a shows a more detailed view of the
reaction vial and Fig. 1b shows the reaction vial supported by the
borosilicate glass rod in the digestion flask center, with the
original air-cooled condenser on the top. An analytical balance
(AS200, Ohaus, Froham Park, NJ, USA) was also used in all
experiments.2.2. Reagents, standards and test sample
Concentrated nitric acid (65% v/v, Merck, Darmstadt, Germany)
was used to prepare the absorbing solution in all experiments.
Ammonium nitrate (Vetec, Rio de Janeiro, RJ, Brazil) and
potassium chlorate (Qeel, Sa˜o Paulo, SP, Brazil) were used to
prepare 6.0 and 0.5 mol L1 solutions used to ignite and maintain
the combustion, respectively. Urea (Reagen, Quimibras, Rio de
Janeiro, RJ, Brazil) was used to prepare carbon standard solu-
tions in the determination of the digestates residual carbonFig. 1 Combustion apparatus used in FMIC. (a) Reaction vial detailed
view and (b) reaction vial and sample holder inside the microwave flask.
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content (RCC). Potassium hydrogen phthalate (Merck), sodium
hydroxide (Merck) and phenolphthalein (Mallinckrodt, Phil-
lipsburg, NJ, USA) were used to determine the digestates acidity.
Reference solutions of Ca, Mg, Mn, P and Zn were prepared
from dilution of single element 1000 mg L1 standards (Tec Lab,
Hexis, Jundiaı, SP, Brazil). All solutions were prepared using
distilled-deionized water (Milli-Q, Millipore, Bedford, MA,
USA). To prevent contamination, all glassware and polyethylene
flasks used were washed with soap, soaked in 10% v/v HNO3 and
rinsed with distilled-deionized water prior to use.
A reference material (animal feed concentrate) provided by the
Animal Nutrition Laboratory at Embrapa Pecuaria Sudeste (Sa˜o
Carlos, SP, Brazil) was used as test sample. The material is an
animal ration composed of several ground cereals with different
particle sizes.Table 2 Determination of Ca, Mg, Mn, P and Zn by ICP OES after
FMIC using KClO3 as O2 source (mean  1 standard deviation in
mg kg1, n ¼ 3)
Element Reference Found Recovery (%)2.3. Optimization of the combustion parameters
Considering the relative heterogeneity of microwave radiation
distribution in a focused system,13,14 all experiments were per-
formed in a single cavity (i.e. cavity 5), which had been calibrated
based on a procedure previously described in the literature.15 An
average output value of 172.2  2.4 W was determined using this
method (n ¼ 3). The microwave heating program consisted of
a single step in which the maximum power was applied for
a chosen period of time.
A factorial with 24 plus 2 central points, totalizing 34 experi-
ments, was used to evaluate the best conditions for effective
sample decompositions. The parameters studied were: HNO3
absorbing solution concentration (5.0, 7.0 or 9.0 mol L1);
volumes of NH4NO3 6.0 mol L
1 (70, 90 or 110 mL) and KClO3
0.5 mol L1 (100, 120 or 140 mL); and microwave radiation total
incidence time (3, 5 and 7 min). These values were established
based on results from preliminary experiments. The HNO3
concentration, for example, was based on a compromise between
sample total decomposition and final acidity of the digestate. On
the other hand, values for NH4NO3 and KClO3 were based on
whether any combustion was observed. The combustion process
typically lasted for approximately 40 s (see Video in the ESI†).
The additional microwave incidence time was used to ensure
better accuracy.7–12
After each experiment, the absorbing solution was quantita-
tively transferred to a polypropylene tube and the volume was
completed to 50 mL with distilled-deionized water. All glassware
was then washed with neutral soap, rinsed with tap and distilled
water, and kept in 10% v/v HNO3 for 10 min. Microwave flasks
and combustion apparatus were then rinsed with distilled-
deionized water and dried before a new combustion was carried
out. The analytical blank was obtained from combustion of the
wrapping paper without sample in conditions considered the
least favorable, i.e. highest acidity (HNO3 9.0 mol L
1); highest
potential for contamination (NH4NO3 6.0 mol L
1 ¼ 110 mL,
and KClO3 0.5 mol L
1 ¼ 140 mL); and lowest decomposition
efficiency (3.0 min of total microwave incidence).Ca 19 500  1600 18 800  2000 96.4
Mg 4080  290 3820  10 93.6
Mn 181  19 149  4 82.3
P 8640  1100 8820  230 102
Zn 114  8 93.9  19.4 82.43. Results and discussion
In the FMICmethod proposed byMesko et al.,12 oxygen flows at
different rates during the combustion and reflux step to ensure1690 | Anal. Methods, 2011, 3, 1688–1691efficient decomposition processes in each case. Ammonium
nitrate is used as igniting agent and a modified water cooling
condenser is used to prevent analyte losses by volatilization. The
total digestion time is about 20 min with quantitative recoveries
for Al, Ba, Ca, Fe, Mg, Mn, Sr and Zn, and low RCC values. In
the work presented here, a simpler alternative using a chemical
source of O2 is evaluated. In this case, the thermal decomposition
of KClO3 (eqn (1)) produces enough oxygen to maintain the
sample combustion without the need for any modification of the
reaction vessel. In addition, any excess oxygen could be used to
regenerate HNO3 in the reflux step and improve the digestion
efficiency as described previously by Bizzi et al.16
2 KClO3ðsÞ !D 2 KClðsÞ þ 3 O2ðgÞ (1)
The method efficiency was evaluated based on the recoveries of
Ca, Mg, Mn, P and Zn, and RCC values in the digestates deter-
mined by ICP OES. These analytes were chosen due to their
importance in animal nutrition, their concentration in the sample,
and considering elements with different characteristics related to
sample decomposition. For all elements studied, the most signif-
icant parameters affecting accuracy were the total microwave
incidence time, the volume of NH4NO3 6.0 mol L
1 added to the
sample and the interaction between these two. Considering the
RCC values, the most critical parameters were the microwave
incidence time and the interaction between the volumes of
NH4NO3 and KClO3 added to the sample. As expected, a longer
reflux period contributes for better recoveries and more efficient
sample decomposition.16 Also expected is the influence of the
oxidizing agent on the combustion efficiency. Considering these
results and the necessity of low acidity digestates that are
compatible with most instrumental methods, the best conditions
for digestions by FMIC using KClO3 as O2 source are: HNO3
absorbing solution concentration ¼ 5.0 mol L1; NH4NO3
6.0 mol L1 ¼ 110 mL; KClO3 0.5 mol L1 ¼ 140 mL; and total
microwave incidence time ¼ 7.0 min. Using these conditions,
recoveries ranging from 82.3–102%were obtained for all elements
evaluated. Table 2 presents the results.
The recovery values are adequate, especially considering
a method with more sample manipulation and higher potential
for contamination and analyte losses when compared to the
original work by Mesko et al.12 The lower values observed for
Mn and Zn could be related to the sampling step. Since no
sample pretreatment was performed (i.e. no grinding or other
homogenization process), it is possible that aggregation of large
particles has occurred, compromising representativity.17–19
The RCC was calculated by comparing the total organic
carbon (TOC) determined in the original solid sample with theThis journal is ª The Royal Society of Chemistry 2011
carbon concentration obtained by ICP OES in the digestates.
The final acidity was obtained by titrating the digestates with
NaOH. Under optimal conditions, a RCC value of 20% and
a final acid concentration of 0.19 mol L1 were obtained. The
sample direct combustion without any previous step of sample
comminution could also explain the relatively high RCC results.
The material analyzed is composed of large particles (reduced
surface area), which may have affected the combustion efficiency,
resulting in high RCC values. Even considering that this critical
parameter may be improved by a previous step of sample
grinding, it seems that accuracy is not significantly affected by
a relatively high RCC in this specific case (Table 2).
In this work, differently from the original method proposed by
Mesko et al.,12 there is a relatively lower availability of O2 during
both combustion and reflux steps. This fact can also explain the
higher RCC values obtained, and could eventually be a limita-
tion to the method application to larger sample masses. On the
other hand, it is of simple implementation, requiring only an
easily constructed borosilicate glass apparatus for sample
support inside the reaction flask. Thus, the method proposed
could find interesting niches of application in procedures dealing
with small sample aliquots.4. Conclusions
The preliminary results presented in this work show the poten-
tialities of using a chemical source of O2 in FMIC. This is
a simple, inexpensive method that can easily be implemented
without any modification to commercially available systems. It
produces digestates with low acidity in procedures no longer than
7 min. Considering focused-microwave versatility and potential
portability, the method could represent an interesting alternative
for procedures such as the one proposed by Barin et al.20
On the other hand, problems related to sample particle sizes
and residual carbon content require more investigation. The use
of better sample wrapping paper, longer reflux times, higher
concentrations of KClO3, and more efficient sample homogeni-
zation procedures, e.g. cryogenic grinding, could allow the effi-
cient decomposition of larger sample aliquots.Acknowledgements
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